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 I 
摘要 
能源短缺和环境污染问题的日益突出使太阳能、氢能等新能源的研究得到广
泛关注。提高能源的利用率是解决这些问题的有效途径之一。因此，对材料性能、
器件功能、系统设计的深入研究已成为当前各相关领域的热点课题。本论文主要
研究热离子器件、热电器件和燃料电池等固态能量转换器件及其耦合系统的性
能，探索降低内外不可逆损失的可能途径，建立相应的优化理论，提供性能参数
的优化设计准则。研究内容主要分为三个部分。 
第一部分包括第二至第四章，主要研究真空热离子发电器及其耦合系统中的
内外不可逆损失对性能的影响。考虑系统外部的热漏损失和内部的主要不可逆损
失对真空热离子发电器工作温度的影响，更新了真空热离子发电器模型。通过分
析输出电压和极板功函数对输出功率和效率的影响，提供了一些重要参数的最佳
选择准则。利用真空热离子器件工作在高温的特性，建立了真空热离子发电器与
半导体温差发电器耦合系统。通过能量平衡方程确定真空热离子极板以及半导体
发电器低温端温度，导出耦合系统的输出功率和效率解析表达式，讨论输出电压、
功函数以及电流对输出功率和效率的影响，确定了主要参数的最佳工作区间。为
了利用发固体氧化物燃料电池产生的废热，建立了固体氧化物燃料电池与真空热
离子发电器耦合系统。综合考虑系统中的不可逆损失，导出电流密度、输出电压
以及面积比之间的关系。计算了耦合系统的最大功率和最大效率，确定了系统的
最佳工作区域。结果表明真空热离子发电器可更有效地利用固体氧化物燃料电池
产生的废热。 
第二部分即第五章，基于光增热离子太能电池现有理论，建立纳米尺度真空
间隙光增热离子太能电池模型，定量分析了不同间隙下量子隧穿和镜像电荷效应
对发射电流的影响。讨论了极板间距、电池材料的带隙宽度以及聚光度对转化效
率的影响。结果表明降低极板间距至纳米尺度，可有效地提高光增热离子太阳能
电池的效率。 
第三部分包含第六和第七章，主要研究量子点器件中电子传输特性及器件性
能。建立了外磁场作用下，工作在两个电子库之间的自旋简并量子点热机一般模
型。所建模型具有一般性，包含近年来讨论的一些量子点热电模型。在稳态条件
下，基于速率方程分析量子点热机的电子传输特性。详尽地讨论了磁场和能级位
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置对系统性能的影响。计算出最大输出功率和最大效率。确定了磁场、能级位置
的优化取值区间。所得结论对不同种类量子点热电器的一般描述具有重要意义。
进而建立了磁子驱动三端量子点制冷机模型。讨论了不同工作区间自旋电流和热
流的流向。讨论了磁场强度、偏压、能级位置以及库的极化对粒子流和能流的影
响，确定了最大制冷率以及性能系数。比较两种不同的制冷策略，得到铁磁绝缘
体更适合作为制冷空间的结论。 
本文不仅更新了热离子和热电器件模型，而且构建了新的耦合系统模型。所
取得的结果不仅丰富了热离子和热电器件及其耦合系统的理论，而且对这些系统
的优化设计与最佳运行提供了理论指导。 
 
关键词：热离子器件；热电器件；燃料电池；耦合系统；优化理论  
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ABSTRACT 
The increasingly prominent problems of the energy shortage and 
environment pollution make the research of new energy sources such as 
solar energy, hydrogen energy, etc. cause widely attention. To enhance 
the efficiency of energy utilization is one of the effective ways of 
solving these problems. Thus, the deep investigation on the material 
performances, device functions and system designs has become a current 
hot topic in the related fields. This thesis mainly studies the 
performance of the solid-state energy conversion devices such as 
thermionic devices, thermoelectric devices, and fuel cells and their 
hybrid systems, explores the possible ways to reduce internal and external 
irreversible losses, establishes the corresponding optimization theories, 
and provides the optimum design criteria of performance parameters. Main 
research contents are divided into three parts. 
The first part contains Chapters 2-4. The effects of internal and 
external irreversible losses on the performance of a vacuum thermionic 
generator (TIG) and its hybrid systems are investigated. The model of the 
vacuum thermionic generator is updated by considering the influences of 
external heat leakage losses and internal main irreversible losses on the 
operating temperatures of the TIG. The optimal choice criteria of several 
important parameters are determined by analyzing the effects of the 
voltage output and the work functions of electrode materials on the 
performance of the system. Furthermore, a new model of the hybrid system 
consisting of a vacuum thermionic generator and a thermoelectric 
generator (TEG) is proposed to utilize the waste heat from the TIG. The 
temperatures of the electrode plates of the TIG and the cold side of the 
TEG are determined through energy balance equations. Analytic expressions 
for the power output and efficiency are derived. The effects of the voltage 
output and work functions of the TIG and the electric current of the TEG 
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on the power output and efficiency are discussed. The optimally operating 
regions of key parameters in the hybrid system are determined. To recycle 
the waste heat released by the solid oxide fuel cell (SOFC), an SOFC-TIG 
hybrid system is established. Through the comprehensive consideration of 
the irreversible losses in the system, the relation among the current 
density, the voltage output, and the area ratio is obtained. The maximum 
power output and efficiency are calculated and the optimally operating 
regions of the system are determined. The results obtained here show that 
the TIG can be more efficient to utilize the waste heat produced in the 
SOFC. 
The second part is given by Chapter 5. Based on the current theory of 
photon-enhanced thermionic solar cells (PETSCs), a nanoscale vacuum gap 
PETSC model is established. The influences of the quantum tunneling effect 
and the image force effect on the electric current are 
quantitatively analyzed for different vacuum gaps. The influences of the 
vacuum gap between two electrode plates, band gap of the cell material, 
and flux concentration on the efficiency are discussed. The results 
obtained show that the efficiency of PETSCs can be significantly improved 
by employing a nanoscale vacuum gap. 
The third part includes Chapters 6 and 7. The characteristics of 
electron transmission and performance in quantum dot (QD) thermoelectric 
devices. A general model of the spin degenerate QD engine operated between 
the two electronic reservoirs and acted in external magnetic field is 
established. The model is general, including some QD thermoelectric 
models discussed in recent years. Under the steady state condition, the 
characteristics of electron transmission in the QD engine are 
investigated based on the rate equation. The influences of the magnetic 
field and position of the energy level on the performance of the system 
are discussed in detail. The maximum power output and efficiency of the 
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engine are calculated. The optimal regions of the position of the energy 
level and the magnetic field are determined. The results obtained are of 
great significance for the general performance description of different 
quantum dot thermoelectric devices. Moreover, a model of the 
three-terminal QD refrigerator driven by magnon is proposed. The 
directions of spin currents and heat fluxes in differently working regions 
are discussed. The effects of the magnetic field, bais voltage, position 
of the energy level, and polarization of the leads on the matter currents 
and heat fluxes are analyzed. The maximum refrigerant rate and COP are 
determined. Two kinds of refrigeration strategies are compared. The 
results obtained show that the ferromagnetic insulator is more suitable 
to be chosen as the cooling space. 
In this thesis, the models of the thermionic and thermoelectric devices 
are updated and the new models of some hybrid systems of these devices 
are constructed. The results obtained not only enrich the theories of the 
thermionic and thermoelectric devices but also provide some theoretical 
guidance for the optimum design and best operation of these systems. 
 
Keywords：Thermionic device; Thermoelectric device; Fuel cell; Hybrid 
system；Optimum theory
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第一章 引言 
1 
第一章 引言 
工业革命以来，世界人口快速增长以及人类对生活品质的追求，致使能源急
剧消耗。能源短缺、环境污染等问题日益凸显。图 1.1 是美国以及全球的能源消
耗情况。可见，全球 84%的能量消耗来源于化石燃料，包括煤、石油和天然气。
核能占 3%，而再生能源仅占 13%。作为世界第一经济体的美国，对化石燃料的
依赖程度高于全球水平，其中石油占 41%。另外，美国仅有全球 4%的人口，却
消耗全球 28%的能源。中国作为世界第二大经济体，拥有世界 20%的人口，能
源消耗量只与美国接近。 
         
图 1.1 全球 和 U.S. 能源消耗 (2008) [1] 。 
 
图 1.2 是基于目前能源存量以及消耗率绘制的全球能源消耗曲线。根据目前
的煤炭储量和消耗情况，煤炭能源还大概可利用 200 年。而石油仅可持续利用
100 年左右，目前的消耗率也已接近顶点。天然气还可以利用 150 年。铀（U235）
储量较低，大概可以持续利用 50 年。目前，虽然海洋石油和天然气成为新的燃
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料来源，但开发成本太高。图 1.2 未包含可再生能源部分。理论上，可再生能源
取之不尽用之不竭。 
 
图 1.2 化石燃料和核能能源消耗理论曲线 (2008)[1]。 
 
太阳能、生物能、风能、氢能等是新能源领域研究的热点课题。提高能源利
用率是解决能源消耗以及环境污染问题最经济的方式。传热过程贯穿于能源利用
的始终。传热过程中的不可逆损失是影响能源利用率的一个重要因素。有限时间
传热理论作为描述不可逆损失的重要工具，被广泛应用于常规能量转换系统的性
能分析之中。通过考虑装置与外部热源传热不可逆损失，可实现系统的性能和重
要参数的优化设计。真空热离子发电器、燃料电池以及热电器件等固体能量转换
器作为高效的能量转换器，通过优化设计可有效提高能源利用率，是开发利用可
再生能源的重要载体。 
1.1 热离子能量转换器 
1880年，Thomas Edison 在灯丝试验中首次发现热离子发射现象。离子或者
电子在热驱动下可以从材料表面发射，即当电子的热动能大于材料的功函数时，
电子会从材料表面逸出。金属、半导体都可以作为热离子发射材料。1915年， 
Schlichter 首次提出真空热离子能量转换器模型[2]。直到1941年，Gurtovoy 和 
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